The present study investigates the effect of long and short term Cd stress in chickpea plants and evaluates the protective effect of exogenous nitric oxide (NO) supplementation using sodium nitroprusside (SNP). Cadmium treatments were given before sowing (long term stress) and thirty days after germination (short term stress). Sodium nitroprusside was given as foliar spray 30 days after germination to both long and short term Cd treated plants. Cadmium adversely affected the membranes as was evident from increased electrolyte leakage and lipid peroxidation levels. Sodium nitroprusside treatments decreased ion leakage and lipid peroxidation levels significantly. Short term Cd stress resulted in a higher induction of the catalase, peroxidase, ascorbate peroxidase, glutathione reductase and superoxide dismutase as compared to long term Cd stress. Nitric oxide showed its positive effect by further increasing the activities of antioxidant enzymes. Cadmium stress also altered the level of antioxidant metabolites by reducing the ascorbate redox ratio (ASC/DHA) and glutathione redox ratio (GSH/GSSG). Sodium nitroprusside treatments increased the redox ratios. Cadmium also adversely affected the seed yield and a greater decline was observed with long term Cd stress as compared to short term Cd stress. Nitric oxide had a positive effect on seed yield and Cd accumulation. The study concludes that an exogenous supply of NO protects chickpea plants from Cd toxicity.
INTRODUCTION
Cadmium (Cd) pollution is a global problem and near about 3×10 3 tons of Cd enter the environment annually (Sanita di Toppi and Gabbrielli, 1999) . In plants cadmium toxicity can cause reduction in growth (Kopyra and Gwozdz, 2003) . At cellular level Cd acts as a pro-oxidant and induces oxidative stress by generation of reactive oxygen species (ROS) (Kopyra et al., 2006) as evidenced by enhanced lipid peroxidation, H 2 O 2 generation and ion leakage (Dixit et al., 2001; Sandalio et al., 2001; Milone et al., 2003; RomeroPuertas et al., 2004; Smeets et al., 2005; Rodriguez-Serrano et al., 2006 ). It also alters the level of antioxidant enzymes (Olmos et al., 2003; Rodriguez-Serrano et al., 2006) as a defense mechanism against Cd induced ROS production (H 2 O 2 , O
The balance between free radical generation and free radical scavengers determines the survival of the system under stress conditions. Increasing the concentration of free radical scavengers by exogenous application could help in detoxification of stress-induced free radical production (Wang et al., 2004; Wang and Yang, 2005; Zhang et al., 2006) . In this study, we have used nitric oxide (NO) as an antioxidant compound. Nitric oxide (NO) is a small highly diffusible and ubiquitous bioactive molecule that takes part in many physiological processes in plants. Its chemical properties makes NO a versatile signal that functions through interactions with cellular targets via either redox or additive chemistry (Wendehenne et al., 2004) . It is involved in seed germination (Beligni and Lamattina, 2000) , growth and development (Desikan et al., 2004) , flowering (He et al., 2004) , hormonal responses (Zhou et al., 2005) , mitochondrial functionality (Zottini et al., 2002) and gravitropism (Hu et al., 2005) . Nitric oxide (NO) is itself a reactive oxygen species and its dual behaviour (protective or toxic) depends upon both concentration and the tissue where it acts (Beligni and Lamattina, 1999; Hsu and Kao, 2004) . The protective role is based on its ability to regulate the level and toxicity of ROS. Nitric oxide has been suggested to be involved in defense responses to biotic and abiotic stresses (Wendehenne et al., 2004 ) and appears to be present in most of stress reactions. It has been reported to exert a protective effect in response to drought stress (Mata and Lamattina, 2001) , osmotic stress (Wang et al., 2004; Zhao et al., 2008) , salt stress (Shi et al., 2007; Li et al., 2008; Sheokand et al., 2008) , heavy metal stress (Kopyra and Gwozdz, 2003; Hsu and Kao, 2004; Wang and Yang, 2005; Singh et al., 2008) and oxidative stress (Beligni and Lamattina, 2002) .
However, experimental evidence for NO as a signal molecule for oxidative metabolism under Cd stress is preliminary. The present work aims at investigating the role of exogenously supplied SNP (NO donor) in alleviating the short term and long term Cd stress in chickpea.
MATERIALS AND METHODS
The present investigations were carried out on chickpea (HC-3) plants. Seeds were procured from Pulses Section, Department of Plant Breeding, CCS Haryana Agricultural University, Hisar. All biochemicals used during the present investigations were purchased from Sigma Chemical Company (St. Louis, USA), Sisco Research Laboratories Pvt. Ltd., India (SRL) and Aldrich Chemical Company (Germany) and were of highest purity.
Growth culture and treatments:
The seeds were raised in polyethylene lined earthen pots containing 5 kg loamy sand. The seeds were surface sterilized with 80% ethanol for two min and washed repeatedly with distilled water then inoculated with Rhizobium culture provided by Department of Microbiology, CCS HAU, Hisar. The plants were supplied with equal volume of nitrogen free nutrient solution (Wilson and Reisenauer, 1963) at regular intervals, except for an initial starter dose of combined nitrogen (5 mM NH 4 NO 3 @ 250 mL/pot). Cadmium was applied through the rooting medium and given to two sets of plants. In the first set Cd treatments were given before sowing and termed as long term Cd stress. In second set Cd treatments were given after 30 days of germination and termed as short term Cd stress. Nitric oxide donor SNP (250 μM) and NO scavenger c-PTIO (100 μM) were applied after 30 days of germination through foliar spray. The pots were grouped into the following treatments: 1. Control 2. Control + SNP (250 μM) 3. Cd 10 ppm 4. Cd + SNP (250 μM) 5. Cd + SNP (250 μM) + c-PTIO (100 μM).
Samplings were done 24 and 72 h after treatments given 30 days after germination and the following observations were taken.
Membrane injury (MI) and lipid peroxidation:
Membrane injury was analyzed according to the method of Zhang et al. (2006) . The level of lipid peroxidation in plant tissue was quantified by determination of malondialdehyde (MDA) content, a breakdown product of lipid peroxidation. The concentration of MDA was calculated using the extinction coefficient of 155 mM -1 L -1 cm -1 as described previously (Sheokand et al., 2008) .
H 2 O 2 content: Plant tissue (1 g) was ground in 6 mL of chilled 0.8 N HClO 4 and centrifuged at 10,000 rpm for 30 min. The clear supernatant was decanted and neutralized with 5 M K 2 CO 3 and again centrifuged at 10000 rpm for 30 min. This supernatant (200 μL) was used for H 2 O 2 estimation and made to 1 mL with 0.1 M phosphate buffer (pH 7.5) then 2 mL of 5% potassium dichromate and glacial acetic acid (1:3 v/v) was added to it. The mixture was then heated in boiling water bath for 10 min and cooled. Its absorbance was read at 570 nm against reagent blank which was without sample extract (Sinha, 1972) . The quantity of H 2 O 2 was determined from standard curve prepared similarly with 0 -100 n mol H 2 O 2 .
Reactive oxygen species (ROS) content: Reactive oxygen species (ROS) production was measured as described by Able et al. (2003) by monitoring the reduction of XTT (2,3-Bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide-inner salt), with some modifications. Leaves (250 mg) were homogenized with 1.5 mL of 50 mM. K-phosphate buffer (pH 7.8) and centrifuged at 5000 rpm for 10 min. The reaction mixture (1 mL) contained 50 mM K-phosphate buffer (pH 7.8), 400 μL supernatant and 500 μL of 0.5 mM XTT. The reduction of XTT was determined at 470 nm for 3 min. Corrections were made for the absorbance of chlorophyll. Production of ROS was calculated by using an extinction coefficient of 2.16 m -1 cm -1 .
Determination of enzyme activity:
Cell free extract for various antioxidant enzymes viz, CAT, SOD, APX, DHAR, GR, POX and MDHAR was prepared by macerating 500 mg of leaf tissue in a chilled pestle and mortar in presence of 3.0 mL of cold extraction buffer (potassium phosphate pH 7.8) containing 0.1 mM EDTA, 1% (w/v) PVP, 0.5% triton X-100 and 20% glycerol. The homogenate was centrifuged at 10,000×g for 15 min at 4°C. The supernatant was carefully decanted and used as the crude enzyme extract.
Catalase (E.C. 1.11.1.6) and peroxidase (E.C. 1.11.1.7) activity was estimated as described previously (Sheokand et al., 2008) . For catalase the reaction mixture in final volume of 3 mL, contained 0.1 M phosphate buffer (pH 7.0), 10 mM H 2 O 2 and 50 μL of cell free extract. Reaction was initiated with the addition of H 2 O 2 and enzyme activity was determined by following the degradation of H 2 O 2 at 240 nm for 2 min. The enzyme activity was calculated using the extinction coefficient value of 39. Superoxide dismutase (E.C. 1.15.1.1) activity was assayed by measuring its ability to inhibit the photochemical reduction of NBT (Beauchamp and Fridovich, 1971) . The reaction mixture contained a range of enzyme extracts in separate sets and to these added 0.25 mL of each of 13 mM methionine, 80 μM NBT and 0.1mM EDTA and the total volume of 3.0 mL was made with buffer in each set. Then 0.25 mL of 50 μM riboflavin was added to each set in the last. The tubes were shaken and placed 30 cm away from light source (4×40 w fluorescent lamps). The reaction was allowed to run for 20 min and the reaction was stopped by switching off the light. The absorbance was recorded at 560 nm. One unit of enzyme activity represents the amount of enzyme required for 50 % inhibition of NBT reduction at 560 nm.
The activities of glutathione reductase (E.C. 1.6.4.2) and ascorbate peroxidase (E.C. 1.11.1.11) were analysed as described previously (Sheokand et al., 2008) . Incubation mixture for GR enzyme assay consisted of 0.1 M phosphate buffer (pH 7.5), 5 mM oxidized glutathione (GSSG), 0.2 mM NADPH and 100 μL enzyme extract in a final volume of 1.5 mL. Addition of GSSG, initiated the enzyme reaction. The decrease in absorbance at 340 nm due to oxidation of NADPH was monitored. The enzyme activity was calculated by using the extinction coefficient value of 6.2 mM -1 cm -1 for NADPH.
One unit of enzyme activity was equivalent to one nmol of NADPH oxidised during the reaction. The composition of APX assay mixture was 50 mM phosphate buffer (pH 7.0), 0.5 mM sodium ascorbate, 1.0 mM H 2 O 2 and 75 μL of enzyme extract in 1.5 mL final volume. The reaction was initiated by the addition of H 2 O 2 . Reduction in ascorbate concentration was recorded at 290 nm.
The assay mixture for dehydroascorbate reductase (DHAR, E.C. 1.8.5.1) determination contained 100 mM potassium phosphate (pH 7.0), 2.5 mM GSH, 0.2 mM DHA and 0.1 mM EDTA and 50 μL enzyme extract in a final volume 1.5 mL. Reaction rates were measured by the increase in absorbance at 265 nm after adding the enzyme. The calculations were done by using extinction coefficient value of 14 mM -1 cm -1 as described previously (Sheokand et al., 2008) . The monodehydroascorbate reductase (MDHAR. E.C. 1.6.5.4) activity was assayed spectrophotometrically (Hossain et al., 1984) by following the decrease in absorbance at 340 nm due to NADH oxidation. Reaction mixture contained 90 mM potassium phosphate (pH 7.0), 0.2 mM NADH, 2.5 mM ASA, ASA oxidase (0.25 unit, 1 μmol ascorbate oxidized min -1 being 1 unit) and 100 μL of enzyme extract in a final volume of 1.5 mL of 25°C. The reaction was initiated by the addition of ASA oxidase. The calculations were done by using extinction coefficient 6.2 mm -1 cm -1
. One unit of enzyme activity corresponded to one nmol of DHA reduced during the reaction.
Estimation of antioxidant metabolites: Ascorbic acid content was determined with a modification of the procedure of Takahama and Oniki (1992) . Fresh leaves (500 mg) were ground in 1.5 mL of 2% (w/v) metaphosphoric acid containing 1mM EDTA. After centrifugation at 12000×g for 5 min, 500 μL of the supernatant was added to 250 μL of 10% (w/v) sodium citrate. 100 μL of this mixture and 875 μL of 0.2 mM KH 2 PO 4 buffer (pH 7.0) and 0.25 units of ascorbate oxidase mixed in 1mL cuvette. The absorbance was recorded at 265 nm until no further decrease was observed (3-4 min). Dehydroascorbate (DHA) was reduced by 2 mM DTT and the ascorbate content calculated by using extinction coefficient 15 mM
Total (GSSG + GSH), oxidized and reduced glutathione was determined by adding 1.75 mL of 0.1 M sodium phosphate buffer (pH 7.5), 0.1 mL of 2 mM NADPH, 0.1 mL of 5 mM DTNB and 0.2 mL of TCA extract. Added one unit of standard glutathione reductase (Sigma), mixed well, incubated for 10 min and recorded absorbance at 412 nm against reagent blank. For estimation of oxidized glutathione, to 1.0 mL of TCA extract added 0.95 mL of potassium phosphate buffer (0.5 M, pH 7.5) and 50 μL of 4-vinylpyridine (Aldrich). The contents were allowed to stand for 1 h to remove/degrade GSH. To 0.1 mL of vinylpyridine treated extract (which was equivalent to 0.05 ml of original TCA extract) added 1.7 mL of 0.1 M sodium phosphate buffer (pH 7.5), 0.1 mL of 2 mM NADPH and 0.1 mL of DTNB. The reaction was started by adding one unit of standard GR enzyme, incubated for 10 min and absorbance was recorded at 412 nm against reagent blank. Total and oxidized glutathione were calculated by using the equation y = 0.0014x derived from standard curve of reduced glutathione (100 to 1000 μM). The absorbance of standard GSH was recorded at 412 nm against buffer blank. The concentration of reduced glutathione (GSH) was calculated by subtracting the concentration of GSSG from that of the total glutathione (Smith, 1985) .
Cd content in different plants parts and dry matter yield (at maturity):
Five hundred mg of dried samples were digested in 10 mL of diacid mixture (perchloric acid and nitric acid, 1:9). The volume of digested solution was made to 20 mL with distilled water and cadmium content was determined by Atomic Absorption Spectrophotometer (PerkinElmer Analyst 100). Dry weight of different plant parts was recorded at maturity.
Statistical analysis:
Data was analyzed by using two factorial CRD test.
RESULTS
Membrane injury and lipid peroxidation: Cadmium stress adversely affected the cell membranes. Cadmium stress of 24 h resulted in 2.7 fold increase in membrane injury (MI), which further increased to 2.8 fold with 72 h treatments ( Figure 1A ). With long term Cd treatments the increase was 1.8 to 2.2 fold ( Figure 1B ). Similarly significant augment in malondialdehyde (MDA) content was also found with both short and long term Cd stress. A 47 to 38 % increase was observed at 24 and 72 h with short term Cd stress ( Figure  1C ) while with long term Cd treatments a 69 to 47 % raise in MDA content was detected ( Figure 1D ). Sodium nitroprusside treatments could partially alleviate the effects of Cd stress on membrane injury and lipid peroxidation. With short term Cd stress a 44 to 18 % decrease in MI (%) and a 26 to 10 % reduction in MDA content was observed after 24 and 72 h of application while with long term Cd stress, SNP treatments decreased the MI (%) by 39 to 16 % and MDA content by 53 to 45 % after 24 and 72 h of application (Figure 1 A -D) . The effects of SNP were confirmed by c-PTIO (a scavenger of NO) which reversed the effects of SNP.
Reactive oxygen species (ROS) and H 2 O 2 content:
The total ROS content increased with Cd stress. A 25 to 21 % increase was detected at 24 and 72 h with short term Cd stress ( Figure 1E ) while with long term Cd stress promoted a 21 to 24 % increase in ROS content ( Figure 1F ). A significant increase in H 2 O 2 content was observed with both long and short term Cd stress. A two-fold increase in H 2 O 2 content was found after 24 h which decreased to 31 % above control levels after 72 h with short term Cd stress ( Figure 1G ). The same trend was observed with long term Cd stress ( Figure 1H 
Antioxidant Enzymes
Catalase, POX and SOD: Cd treatments resulted in an increase in CAT activity. The increase was more pronounced under short term Cd stress. A 58 % increase in CAT activity was observed with short term Cd stress while long term Cd stress showed a less increase (38 to 16 %) in CAT activity as compared to control levels (Figure 2 A -B) . Sodium nitroprusside treatments further increased the CAT activity in combination with Cd treatments. A 48 to 17 % increase in CAT activity was detected with short term Cd stress after 24 and 72 h and a 17 % increase was found with long term Cd stress (Figure 2 A -B). POX activity was stimulated by 53 to 32 % after 24 and 72 h under short term Cd stress (Figure 2 C) . The exposure to long term Cd stress maintained the POX activity 28-24 % higher than control levels (Figure 2 D) . Sodium nitroprusside resulted in further increase by 10 % under short term Cd stress and 34 % stimulation was caused by long term stress 72 h after application. The SOD activity increased by 13 to 26 % at 24 and 72 h with short term Cd stress and was maintained 3 to 16 % higher than control levels under long term Cd stress (Figure 2 E -F). Sodium nitroprusside treatments further increased SOD activity. The effects of SNP were reversed by scavenger c-PTIO. Figure 3A) . Long term Cd stress had no significant effect on APX activity ( Figure 3B ). Sodium nitroprusside treatments resulted in an initial increase in APX activity of 38 to 27 % under short term and long term Cd stress after 24 h; however after 72 h SNP treatment the APX activity was 15 and 12 % above Cd treated plants. Activity of GR was also stimulated by Cd stress. Short term Cd stress promoted 40 to 53 % increase in glutathione reductase activity after 24 and 72 h (Figure 3C ), while with long term Cd stress the increase in GR activity was 25 to 15 % above the control levels ( Figure  3D ). Sodium nitroprusside was more effective after 24 h as compared to 72 h in further increasing GR activity. The DHAR activity exhibited a small initial decline of 13 % after 24 h, a raise by 22 % above control levels after 72 h with short term Cd stress and then was maintained between 27 to 35 % with long term Cd stress (Figure 3 E -F ). Sodium nitroprusside treatments had a more positive effect after 24 h of application.
The MDHAR activity was stimulated by Cd treatments, in a greater extent by long term Cd stress as compared to short term one (Figure 3 G -H ). Sodium nitroprusside treatments had a positive effect on MDHAR activity in the control as well as Cd treated plants. The effects of SNP treatments were confirmed by scavenger c-PTIO.
Antioxidant metabolites, Ascorbate and Glutathione:
Both long and short term Cd stress resulted in a decrease of the ascorbate redox ratio (ASC/DHA): 58 to 61 % decrease as compared to control plants was observed at 24 and 72 h with short term Cd stress while long term Cd stress the decline was 44 to 54 %. The addition of sodium nitroprusside improved the ratio. Also, Cd exposure leads to a reduction of the glutathione redox ratio (GSH/GSSG). A decline of 10 to 25 % was observed with long and short term Cd stress. Duration of stress had negative effect on GSH/GSSG ratio. Once again, sodium nitroprusside treatments had a positive outcome and elevated the GSH/GSSG ratio (Table 1) . Nitric oxide scavenger reversed the effects of SNP.
Cd content of different plant parts: Different parts of plants exhibited augmented cadmium content after both short and long term Cd exposure. An increase by 17, 52, 15, 6, 11 and 24-fold in Cd content comparing to control plants was found in root, nodules, stem, leaves, pod covering and seed, respectively, under long term Cd stress while these the short term stress resulted in a lesser accumulation of Cd in different plant parts ( Figure 4A ). Most of Cd was retained in roots and nodules of Cd treated plants. The treatments with nitric oxide donor during short and long term Cd stress promoted improvement and reduced the Cd content in different plant parts ( Figure 4A ). Dry matter yield at maturity: Although cadmium treatments had no adverse effect on root, nodule, stem and seed dry weight, the seed yield decreased significantly. A higher decline in seed yield was observed with long term Cd stress. About 50 % reduction in yield was found with long term Cd stress against only 12 % decline under short term Cd stress ( Figure 4B ). Nitric oxide donor SNP treatments improved the yield and 50 % increase in seed yield was observed with long and short term Cd stress.
DISCUSSION
The present study indicates that both short and long term Cd exposure resulted in oxidative stress measured in terms of membrane injury (MI), ROS and H 2 O 2 generation and upregulation of ROS scavenging enzymes.
Cadmum (10 ppm) treatments resulted in membrane damage as evidenced from elevated MI (%) and lipid peroxidation levels (Figure 1 A-D) . Lipid peroxidation was measured in terms of MDA content and linked to peroxidation of polyunsaturated fatty acids in the membranes thereby releasing free radicals. A significant increase in MDA production was observed with both short-term and long-term Cd stress ( Figure 1C -D) . A similar accumulation of peroxides has been reported in response to Cd after 24 h treatment in Medicago sativa (Ortega-Villasante et al., 2005) . Cadmium induced lipid peroxidation has also been observed in many plant species including pea (Sandalio et al., 2001; Rodriguez-Serrano et al., 2006) , Oryza sativa (Choudhary and Panda, 2004) , sunflower (Laspina et al., 2005) , rice (Hsu and Kao, 2004) , Arabidopsis thaliana (Cho and Seo, 2004) , wheat roots (Singh et al., 2008) , Phaseolus vulgaris (Smeets et al., 2005) , and cucumber seedlings (Goncalves et al., 2007) .
Due to increased MDA content the membranes became leaky as evidenced by increased electrolyte leakage. A 2.8-fold and 2-fold increase in MI was detected with short and long term stress, respectively, comparing to control (Figure 1 A-B) . Cadmium exposure enhanced lipid peroxidation and altered electrolyte leakage has a negative impact on membrane integrity. Exogenously applied NO donor SNP had a protective effect on Cd induced membrane damage. The reaction of NO with ROS could prevent the injury to the membranes. It has been reported that the reaction of NO with lipid alcoxyl (LO) and peroxyl (LOO -) radicals is rapid and could prevent the propagation of radical medicated lipid peroxidation in a direct fashion (Beligni and Lamattina, 1999) . The effect of SNP decreased with the duration of treatments. The effect of NO was confirmed using NO scavenger c-PTIO as it reversed the effect of SNP (Figure 1  A-B) . The same tendency was observed for lipid peroxidation (Figure 1 C-D) . Nitric oxide has also been reported to inhibit ion leakage from plant tissue and protect plants against membrane damage due to lipid peroxidation under photo-oxidative (Beligni and Lamattina, 2002) , Cd (Laspina et al., 2005; Singh et al., 2008) , drought (Mata and Lamattina, 2001; Wang et al., 2004; Zhao et al., 2008) and salt (Shi et al., 2007; Li et al., 2008; Sheokand et al., 2008) stresses.
Reactive oxygen species content is an important index of oxidative damage. Cadmium is a non-redox metal unable to perform single electron transfer reactions, and does not produce ROS such as the superoxide anion (O 2 -), singlet oxygen, hydrogen peroxide (H 2 O 2 ) and hydroxyl radical (OH -), but generates oxidative stress by interfering with the antioxidant defense system (Choudhary and Panda, 2004; Benavides et al., 2005; Romero-Puertas et al., 2007 ). An increase in total ROS and H 2 O 2 content was observed with Cd stress (Figure 1 E-H ). An increase in H 2 O 2 production in response to various heavy metal treatments has been reported earlier (Choudhary and Panda, 2004; Laspina et al., 2005; Rodriguez-Serrano et al., 2006; Mishra et al., 2008) . As a consequence of ROS, lipid peroxides are formed which are deleterious to cells. The observed changes in the contents of oxidative markers (MDA, REL, H 2 O 2 and ROS) with Cd treatments following shor t and long term Cd exposure indicated Cd-induced oxidative stress in chickpea leaves. A substantial increase in H 2 O 2 content in response to Cd was also found in wheat roots and it correlated to oxidative stress (Singh et al., 2008) .
Antioxidant function of NO may be accomplished by direct removal of ROS (Koprya and Gwozdz, 2003; Hsu and Kao, 2004) . This hypothesis was confirmed in our studies. Sodium nitroprusside decreased the total ROS and H 2 O 2 content during both short-term and long term Cd stress (Figure 1 E -H) . Koprya et al. (2006) reported a decrease in the O 2 -generation rate in soybean suspension cells. Protective role of NO in reduction of H 2 O 2 content was observed by Hsu and Kao (2004) in Oryza sativa and Singh et al. (2008) in wheat roots under Cd stress, water stress in two ecotypes of reed (Zhao et al., 2008) , salt stress in cucumber roots (Shi et al., 2007) , barley leaves (Li et al., 2008) and ABA induced stress in rice leaves (Hung and Kao, 2003) . Application of NO scavenger c-PTIO confirmed the effects of SNP.
In order to scavenge ROS and to avoid oxidative damage, plant possess an antioxidative system comprising of antioxidative enzymes like CAT, POX, SOD, GR, APX, DHAR, MDHAR and non-enzymes like ascorbate, glutathione and α-tocopherol. Alteration in the activity of antioxidative enzymes with Cd stress has been reported by a number of workers (Dixit et al., 2001; Olmos et al., 2003; Hsu and Kao, 2004; Laspina et al., 2005; Rodriguez-Serrano et al., 2006; Goncalves et al., 2007; Singh et al., 2008; Mishra et al., 2008) .
ON GROWTH, OXIDATIVE METABOLISM AND Cd ACCUMULATION IN CHICKPEA Superoxide dismutase (SOD) is the first enzyme in detoxification process and converts superoxide radicals to H 2 O 2 at a very fast rate. Enhanced SOD activity was observed with Cd treatment (Figure 2 E-F) . Increased SOD activity indicates an induction of defense system in response to Cd stress. Enhanced SOD activity in response to Cd stress has been detected in other plant species (Kopyra and Gwozdz, 2003; Hsu and Kao, 2004; Laspina et al., 2005; Gomes-Junior et al., 2006; Singh et al., 2008; Mishra et al., 2008) .
Sodium nitroprusside had a protective effect on SOD activity (Figure 2 E-F) by further increasing the SOD activity thus promoting the conversion of superoxide radicals to hydrogen peroxide, which is an important step in protecting cells. Nitric oxide can readily react with the superoxide anion-radical (O 2 -) as a result a peroxynitrite ion (ONOO -) is formed. Peroxynitrite is unstable and may protonate as a result of which peroxodioxonitric acid is formed, a source of nitrogen dioxide (NO 2 ) and a hydroxyl radical (OH -) (Wendehenne et al., 2004) . Nitric oxide increased SOD activity under Cd stress has been reported for soybean cells (Koprya et al., 2006) , Lupinus luteus roots (Koprya and Gwozdz, 2003) and sunflower (Laspina et al., 2005) . The protective effect of SNP on SOD activity was further confirmed by NO scavenger c-PTIO which reversed the effects of SNP.
Due to the action of SOD or by direct formation in biochemical path ways like photorespiration, H 2 O 2 concentration is expected to increase inside the cell in response to Cd stress. This has been also observed in our studies also. Although H 2 O 2 takes part in several important functions in plant cells, control of its build up is essential to prevent oxidative damage to membranes and proteins. The activities of H 2 O 2 scavenging enzymes POX and CAT increased with Cd stress and a higher increase was obtained with short term Cd stress as compared to long trem Cd stress. Catalase also showed the same tendency by displaying higher activity than control levels (Figure 2 A-B) . This increase suggests a compensatory defense mechanism against oxidative stress promoted by toxic metal concentration (Cargnelutti et al., 2006) . Furthermore, the combined action of CAT and SOD is critical in mitigating the effects of oxidative stress, since their roles in the cell metabolism are complementary . In this sense, it is interesting to note that both SOD and CAT activities increased in Cd treated cucumber and it is widely agreed that plants resist oxidative stress by increasing components of their intrinsic defense system . Cadmium induced increase in activities of POX and CAT have been reported by several researches (Dixit et al., 2001; Olmos et al., 2003; Smeets et al., 2005; Rodriguez-Serrano et al., 2006; Singh et al., 2008) . Kopyra and Gwozdz (2003) and Laspina et al. (2005) have reported a decline in CAT activity under Cd stress. Thus, it seems that the differences in activities of antioxidant enzymes in Cd treated plants are highly dependent on species and experimental model.
It is of note that sodium nitroprusside treatments lead to further elevation of the peroxidase and catalase activities (Figure 2 A-D) . Using SNP as NO donor, Beligni and Lamattina (2002) demonstrated a three-fold increase in CAT activity in diquat+SNP treatment as compared to diquat treatment. As shown by means of c-DNA microarray in plants treated with NO the expression of genes of neutral peroxidase and catalase was induced (Huang et al., 2002) . Laspina et al. (2005) have reported a decrease in CAT activity with 0.5 mM Cd and NO treatment completely restored CAT activity by increasing values 21 % over control in sunflower leaves.
To regulate the levels of H 2 O 2 plants also possess an ascorbate glutathione cycle. Activation of the ascorbate glutathione cycle has been found to be essential in stressed plants to control oxidative damage (Alscher et al., 1997) . It is an efficient pathway which detoxifies H 2 O 2 and is of great importance under heavy metal stress (Tiryakioglu et al., 2006) . The cycle includes two low molecular weight antioxidant (ascorbic acid and glutathione) and antioxidant enzymes such as APX, GR, DHAR and MDHAR. Ascorbate peroxidases are the primary H 2 O 2 scavenging enzymes in chloroplast and cytosol of plant cells. In accordance with their role APX activity increased with Cd treatments (Figure 3 A-B) . Similar to present results, APX activities were found to be increased in rice (Hsu and Kao, 2004) , sunflower (Dixit et al., 2001; Laspina et al., 2005) and Ceratophyllum demersum (Mishra et al., 2008) under Cd stress. Contrary to present results, a decline in APX activity under Cd stress was reported by Zhang et al. (2002) and Gomes-Junior et al. (2006) . The reduction in APX activity may be due to GSH depletion and a subsequent reduction in the ascorbate glutathione cycle (Gomes-Junior et al., 2006) .
Present results indicate that SNP plays a protective role on APX activity. SNP treatments resulted in an initial increase in APX activity by 29 % and 27 % under short and long term Cd stress of 24 h and the positive effect of SNP decreased after 72 h (Figure 3 A -B) . Similarly protective effect of NO on APX activity was observed under Cd stress (Laspina et al., 2005) , ABA stress (Hung and Kao, 2003) and osmotic stress (Zhao et al., 2008) . The effects of SNP were confirmed by the foliar application of NO scavenger with Cd and SNP treatments.
Glutathione reductase, another enzyme of the ascorbate glutathione pathway was activated in leaves of Cd treated chickpea plants. A 40 to 54 % increase in GR activity, 24 and 72 h after Cd treatment was observed ( Figure 3C ). This enzyme reduces GSSG to GSH that is an essential antioxidant and also a substrate for phytochelatin. Cadmium induced increase in GR activity has been reported in pea (Dixit et al., 2001) and Arabidopsis thaliana (Cho and Seo, 2004 ) and a decrease in activity has been reported in Halianthus annus (Laspina et al., 2005) , Oryza sativa (Hsu and Kao, 2004) and Pisum sativum L. (Rodriguez-Serrano et al., 2006) . The SNP treatment had a positive effect and further increased the GR activity ( Figure  3 C -D) and treatments were more effective after 24 h as compared to 72 h. A small positive effect of NO on GR activity in Cd treated leaves has been reported in sunflower leaves (Laspina et al., 2005) . Sodium nitroprusside treatment brought down the GR activity to control level under Cd stress in wheat roots (Singh et al., 2008) .
The enzymes DHAR and MDHAR also play a major role in detoxification of ROS in the ascorbate glutathione pathway. Both DHAR and MDHAR activities were induced with Cd treatments (Figure 3 E-F, G-H) . The increase in MDHAR activity under Cd treatments have been reported by Markovska et al. (2009) in B. juncea and by Romero-Puertas et al. (2007) in Pisum sativum plants. Decrease in DHAR activity under Cd treatment (10 μM) in Ceratophyllum demersum has been reported by Arvind and Prasad (2005) . Nitric oxide donor SNP had a positive effect on both DHAR and MDHAR activities. Higher activities of DHAR and MDHAR are important for keeping higher substrate concentration for APX. There are no earlier reports on the effect of NO on MDHAR activity under Cd stress in the literature.
Ascorbic acid is a primary as well as secondary antioxidant found in plants and has diverse physiological roles. A decline in ascorbate redox ratio (ASC/DHA) and glutathione redox ratio (GSH/GSSG) was observed with Cd treatment (Table  1 ). The ratios of GSH/GSSG and ASC/DHA are considered as markers of oxidative stress. SNP treatments had a positive effect on both ASC/DHA and GSH/GSSG ratio indicating a compensatory mechanism in which there is increased recycling of glutathione to keep it in its active reduced form. The fact that NO maintains the ASC and GSH in reduced state under Cd stress might be explained by increased activities of GR, APX, DHAR and MDHAR enzymes. This results in the improved capacity of the antioxidant system to scavenge H 2 O 2 . Decrease in glutathione content with Cd stress has been reported in sunflower leaves (Laspina et al., 2005) and in pea (Dixit et al., 2001) . However, an increase also has been reported under Cd stress (Tiryakioglu et al., 2006) . Laspina et al. (2005) have reported a positive effect of NO on GSH content in Cd treated sunflower leaves. Nitric oxide could be acting simply as an antioxidant (Beligni and Lamattina, 1999) or might be playing a role in the elevation of GSH levels either by increased biosynthesis of this metabolite or through an increased supply of cysteine the limiting substrate (Li et al., 1999) .
Cadmium has been shown to cause many morphological, physiological, biochemical and structural changes in plants, such as growth inhibition, water imbalance and inhibition of seed germination . Cadmium treatments resulted in significant accumulation of Cd in different plant parts( Figure  4A ). Most of the Cd is retained in roots and nodules of Cd treated plants. A higher accumulation of Cd in roots as compared to shoot has been reported by many workers (Sandalio et al., 2001; Dixit et al., 2001; Goncalves et al., 2007; Abdel-Latif, 2008 ).
Due to high accumulation of Cd the yield of plant was also affected. In our results, Cd treatments had no adverse effect on root, nodule, stem dry weight, however seed yield decreased significantly. A higher decline in seed yield was found with long term Cd stress as compared to short term Cd stress ( Figure 4B ). Cadmium induced decrease in plant biomass has been reported by many workers (Cheng and Huang, 2006; Goncalves et al., 2007; Malekzadeh et al., 2007; Abdel-Latif, 2008 and Farooqi et al., 2009) . Goncalves et al. (2007) observed a significant decrease in root length and dry weight; however the effect was more prominent on root length than on dry weight. Notably SNP showed a positive effect by decreasing Cd accumulation and increasing seed yield in Cd treated plants (Figure 4 A-B) . No long term experiments on the effect of Cd and SNP on Cd accumulation and seed yield have been reported earlier.
CONCLUSIONS
Cadmium stress adversely affected the membranes, oxidative metabolism and plant yield. Short term stress was more deleterious in terms of membrane injury and oxidative metabolism and long term stress was more deleterious in terms of plant yield and Cd accumulation. SNP (250 μM) was effective in decreasing MI (%), MDA, H 2 O 2 and ROS content, increasing the activity of antioxidant enzymes like SOD, CAT, POX, APX, DHAR, MDHAR and the GSH/GSSG and ASC/DHA ratio under Cd stress. The positive effect of SNP on plant biomass and seed yield under Cd stress could be attributed to the fact that NO acts as a growth regulator.
